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There  are  no  effective  clinical  treatments  for  volumetric  muscle  loss  (VML)  resulting  from  traumatic  injury,  tumor 
excision,  or  other  degenerative  diseases  of  skeletal  muscle.  The  goal  of  this  study  was  to  develop  and  characterize  a 
more  clinically  relevant  tissue-engineered  muscle  repair  (TE-MR)  construct  for  functional  restoration  of  a  VML 
injury  in  the  mouse  lattissimus  dorsi  (LD)  muscle.  To  this  end,  TE-MR  constructs  developed  by  seeding  rat 
myoblasts  on  porcine  bladder  acellular  matrix  were  preconditioned  in  a  bioreactor  for  1  week  and  implanted  in 
nude  mice  at  the  site  of  a  VML  injury  created  by  excising  50%  of  the  native  LD.  Two  months  postinjury  and 
implantation  of  TE-MR,  maximal  tetanic  force  was  ~  72%  of  that  observed  in  native  LD  muscle.  In  contrast,  injured 
LD  muscles  that  were  not  repaired,  or  were  repaired  with  scaffold  alone,  produced  only  ~50%  of  native  LD 
muscle  force  after  2  months.  Histological  analyses  of  LD  tissue  retrieved  2  months  after  implantation  demonstrated 
remodeling  of  the  TE-MR  construct  as  well  as  the  presence  of  desmin-positive  myofibers,  blood  vessels,  and 
neurovascular  bundles  within  the  TE-MR  construct.  Overall,  these  encouraging  initial  observations  document 
significant  functional  recovery  within  2  months  of  implantation  of  TE-MR  constructs  and  provide  clear  proof  of 
concept  for  the  applicability  of  this  technology  in  a  murine  VML  injury  model. 


Introduction 

Mammalian  skeletal  muscle  has  a  rather  remarkable 
capacity  for  repair  after  a  variety  of  injuries.  Typically, 
muscle  injury  or  damage  is  followed  by  an  inflammatory 
response,  resulting  in  a  cycle  of  degeneration,  repair/re- 
generation,  and  remodeling  (see  reviews1-3).  Satellite  cells 
represent  the  major  stem  cell  source  required  for  repair  and 
remodeling  although  clearly  other  stem  and  progenitor  cell 
populations  may  participate  in  the  regenerative  response  as 
well.4-9  Nonetheless,  there  are  a  host  of  traumatic  injuries,  as 
well  as  congenital  and  acquired  diseases  and  disorders,  that 
result  in  a  significant  loss  of  muscle  function  that  cannot  be 
effectively  compensated  by  intrinsic  regenerative  mecha¬ 
nisms.  A  particularly  striking  example  is  the  complex  soft 
tissue  battlefield  injuries  suffered  by  military  personnel.  In 
fact,  although  the  battle  mortality  rate  for  U.S.  forces 
wounded  in  combat  has  dropped  from  30%  in  WWII  to  less 
than  10%  in  Afghanistan  and  Iraq,10  there  has  been  a  parallel 
increase  in  the  number  of  seriously  injured  soldiers  who 
survive  with  extraordinary  injuries;  especially  complex  and 


severe  extremity  and  head/neck  injuries.11-13  Analogous 
injuries  are  observed  after  traumatic  accidents  and  gunshot 
wounds  in  civilians.  Such  injuries  are  characterized  by  vol¬ 
umetric  muscle  loss  (VML)14  and  are  associated  with  dev¬ 
astating  cosmetic  and  functional  deficits. 

In  this  regard,  current  management  of  VML  injuries  in¬ 
volves  the  use  of  existing  host  tissue  to  construct  muscular 
flaps  or  grafts  (see  reviews15,16).  However,  even  when  suf¬ 
ficient  graft  tissue  exists,  this  approach  is  associated  with 
significant  donor-site  morbidity,17,18  thus  delaying  rehabili¬ 
tation  and  restoration  of  tissue  function.  Moreover,  when  this 
approach  is  not  feasible,  the  patient  is  left  with  a  high  level  of 
morbidity,  permanent  functional  disfigurement,  and  the  as¬ 
sociated  loss  of  quality  of  life  and  self-esteem.  In  this  sce¬ 
nario,  the  ability  to  create  a  clinically  relevant  autologous 
tissue-engineered  muscle  repair  (TE-MR)  construct  would 
remove  a  major  hurdle  to  the  successful  skeletal  muscle  re¬ 
constructive  procedures  required  to  repair  complex  extrem¬ 
ity  and  facial  injuries  suffered  by  both  soldiers  and  civilians. 

In  this  regard,  tissue  engineering  and  regenerative  medicine 
technologies  have  the  potential  to  provide  groundbreaking 
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autologous  therapies  for  functional  reconstruction  and  res¬ 
toration  of  such  complex  injuries  (for  recent  review  see 
Koning  et  al.19).  Indeed,  significant  progress  has  been  made 
during  the  last  20  years  in  describing  some  of  the  basic  re¬ 
quirements  for  creating  tissue-engineered  skeletal  muscle 
constructs.20-24  To  this  end,  three  distinct  preclinical  strate¬ 
gies  are  currently  being  developed  for  creation  of  engineered 
muscle  tissue  for  functional  reconstruction /restoration  of 
VML  injuries.  The  first  involves  the  implantation  of  a  scaf¬ 
fold  alone  at  the  site  of  injury,  and  this  is  referred  to  as  the 
acellular  approach 25-29  Badylak  and  colleagues  have  re¬ 
ported  that  after  6  months,  the  implantation  of  a  biocom¬ 
patible  small  intestinal  submucosa  (SIS)  extracellular  matrix 
scaffold  to  the  site  of  a  VML  musculotendinous  injury  in 
dogs  resulted  in  scaffold-localized  tissue  formation  that  ex¬ 
hibited  the  ability  to  contract  when  directly  stimulated 
in  vitro.25  Similar  results  were  obtained  with  SIS  implanta¬ 
tion  in  a  rodent  abdominal  wall  VML  injury  in  situ.26  In  a 
second  approach,  Merritt  et  al.  reported  that  a  surgical  defect 
in  the  rat  gastrocnemius  muscle  resulted  in  an  initial  ~  25% 
reduction  in  force.29  While  a  decellularized  muscle  matrix 
did  not  facilitate  functional  recovery  up  to  42  days  post¬ 
injury,29  injection  of  mesenchymal  stem  cells  into  the  scaffold 
7  days  after  creation  of  a  surgical  defect  led  to  functional 
recovery  to  ~  85%  of  contralateral  muscle  force  at  42  days,  as 
assessed  by  neural  stimulation.30 

The  subject  of  this  report  focuses  on  a  third  approach,  that 
is,  the  use  of  a  tissue  engineering  strategy  in  which  muscle 
progenitor  cells  (MPCs)  are  seeded  on  a  biocompatible 
bladder  accellular  matrix  (BAM)  and  preconditioned  in  a 
bioreactor  in  vitro  before  implantation  in  vivo.  Previous  work 
documented  the  importance  of  such  in  vitro  bioreactor  pre¬ 
conditioning  to  engineered  skeletal  muscle  tissue  formation 
and  function  after  subcutaneous  implantation  in  vivo.31  The 
current  report  builds  logically  on  this  prior  work  to  illustrate 
how  this  tissue  engineering  strategy  can  be  used  to  promote 
in  vivo  functional  restoration  of  a  skeletal  muscle  with  VML 
injury.  Specifically,  to  simulate  the  repair  required  in  a  VML 
injury  setting,  we  conducted  a  proof-of-concept  study  in 
which  we  implanted  an  allogeneic  TE-MR  construct  into 
mouse  latissimus  dorsi  (LD)  muscle  after  surgical  removal  of 
~  50%  of  the  muscle. 

Materials  and  Methods 

Cell  isolation  and  culture 

MPCs  were  isolated  from  surgical  biopsies  obtained  from 
the  soleus  and  tibialis  anterior  muscles  of  male  Lewis  rats 
(Charles  River).  The  muscles  were  isolated  in  a  sterile  fashion 
and  washed  once  with  iodine  followed  by  two  washes  with 
sterile  PBS.  Muscles  were  then  cut  into  small  pieces  and  in¬ 
cubated  in  0.2%  collagenase  (Worthington  Biochemicals) 
solution  prepared  in  low  glucose  Dulbecco's  modified  Ea¬ 
gle's  medium  (DMEM;  Hyclone)  for  2  h  37°C.  Muscle  tissue 
fragments  were  plated  onto  tissue  culture  dishes  coated  with 
Matrigel  (BD  Biosciences)  in  myogenic  medium  containing: 
DMEM  high  glucose  supplemented  with  20%  fetal  bovine 
serum  (FBS),  10%  horse  serum,  1%  chicken  embryo  extract, 
and  1%  antibiotic /antimycotic  (Hyclone).  Cells  were  pas¬ 
saged  at  60%  70%  confluence,  cultured  in  low-glucose 
DMEM  supplemented  with  15%  FBS  and  1%  antibiotic /an¬ 
timycotic,  and  used  for  seeding  at  the  first  or  second  passage. 


Preparation  of  BAM 

BAM  scaffolds  were  prepared  from  porcine  urinary  bladder 
as  previously  described.31  Briefly,  the  bladder  was  washed  and 
trimmed  to  obtain  the  lamina  propria,  which  was  placed  in 
0.05%  Trypsin  (Hyclone)  for  1  h  at  37°C.  The  bladder  was  then 
transferred  to  DMEM  solution  supplemented  with  10%  FBS 
and  1%  antibiotic/ antimycotic  and  kept  over  night  at  4°C.  The 
preparation  was  then  washed  in  a  solution  containing  1% 
Triton  X  (Sigma- Aldrich)  and  0.1%  ammonium  hydroxide 
(Fisher  Scientific)  in  de-ionized  water  for  4  days  at  4°C.  Finally, 
the  bladder  was  then  washed  in  de-ionized  water  for  3  days  at 
4°C.  The  absence  of  cellular  elements  and  preservation  of 
structural  components  was  confirmed  by  histological  assess¬ 
ments  (Fig.  ID,  E).  The  decellularized  scaffold  was  further 
dissected  to  obtain  a  scaffold  with  of  0.3  0.4  mm  thickness; 
dimensions  suitable  for  implantation  in  the  surgically  created 
mouse  LD  defect.  The  prepared  acellular  matrix  was  then  cut 
into  strips  of  3  x  2  cm  size  and  placed  onto  a  custom-designed 
seeding  chamber  made  of  silicon  (McMaster  Carr).  Scaffolds 
and  silicon  seeding  chambers  were  then  individually  placed 
in  six-well  culture  dishes  and  sterilized  by  ethylene  oxide 
(Fig.  IF). 

Cell  seeding  and  bioreactor  preconditioning 

Sterilized  scaffolds  in  the  custom-designed  seeding  cham¬ 
bers  were  kept  immersed  in  DMEM  solution  supple¬ 
mented  with  10%  FBS  and  1%  penicillin /streptomycin  media 
for  at  least  12  h  at  37°C  before  seeding.  MPCs  were  then 
seeded  at  a  concentration  of  1  million  cells  per  cm2,  and  after 
12  h,  the  seeding  chamber  was  flipped  and  a  concentration  of 
1  million  cells  per  cm2  was  seeded  on  the  other  side.  Both 
cell-seeded  surfaces  (i.e.,  top  and  bottom  of  the  same  BAM 
scaffold)  were  fully  immersed  in  media  during  the  entire 
seeding  process.  On  day  4,  the  medium  was  changed  to 
differentiation  medium  (F12  DMEM,  2%  horse  serum,  1% 
antibiotic /antimylotic)  and  the  cells  were  cultured  for  an 
additional  7  days.  After  a  total  of  10  days  of  static  culture,  the 
cell-seeded  scaffolds  (i.e.,  TE-MR  constructs)  were  then 
placed  in  the  bioreactor  system  as  described  previously.31 
The  bioreactor  system  consisted  of  a  computer-controlled 
linear  motor  powered  actuator  for  providing  cyclic  unidi¬ 
rectional  stretch  and  relaxation.  To  permit  application  of  the 
cyclic  stretch  protocol,  one  end  of  the  TE-MR  construct  was 
attached  to  a  stationary  bar,  whereas  the  other  end  was 
connected  to  a  movable  bar  attached  to  the  actuator.  TE-MR 
were  subjected  to  10%  stretch,  three  times  per  minute  for  the 
first  5  min  of  every  hour,  for  1  week  (see  Moon  et  al.31  for 
details).  The  tissue  constructs  were  continuously  aerated  with 
95%  air  5%  C02  at  37°C  in  an  incubator,  and  the  medium 
was  changed  every  3  days. 

Scanning  electron  microscopy  and  fluorescent 
microscopy  assessment  of  TE-MR  constructs 

Scanning  electron  microscopy  (SEM)  imaging  was  per¬ 
formed  to  evaluate  the  cellular  coverage  on  the  BAM  before 
and  7  days  after  static  seeding  with  MPCs.  For  these  studies, 
scaffolds  were  fixed  in  2.5%  gluteraldyhyde  for  2h  and 
stored  in  70%  ethanol  until  used.  Samples  were  freeze-dried 
in  a  lyophilizer  and  sputter-coated  and  observed  through 
SEM  (Model  S-2260N;  Hitachi).  Quantification  of  the  scaffold 
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area  covered  by  cells  was  performed  on  SEM  images  using 
Image  Pro  software.  In  addition,  after  bioreactor  pre¬ 
conditioning  BAM  scaffolds  were  imaged  in  whole  mount 
fashion  using  a  fluorescent  microscope  (DM4000B  Leica 
Upright  Microscope;  Leica  Microsystems).  For  these  studies, 
scaffolds  were  transferred  to  a  slide,  washed  with  PBS,  fixed 
in  2%  formalin,  and  permeabilized  in  0.5%  Triton.  After 
blocking  (5%  nonfat  milk;  30  min),  the  scaffold  was  incu¬ 
bated  for  1  h  at  room  temperature  in  the  dark  with  desmin 
antibody  (Santa  Cruz-7995;  goat  polyclonal)  and  phalloidin 
(rhodamine;  conjugated  TRITC;  Invitrogen-R415).  The  scaf¬ 
fold  was  then  washed  with  PBS  (3x5  min),  and  incubated  in 
a  desmin  secondary  antibody  (fluorescein  rabbit  anti-goat; 
Vector-FI-5000)  for  30  min  in  the  dark.  Whole  mount  speci¬ 
mens  were  then  cover-slipped  with  ProLong  Gold  including 
DAPI  (Invitrogen  P36931). 

Animal  care 

This  study  was  conducted  in  compliance  with  the  Animal 
Welfare  Act,  the  Implementing  Animal  Welfare  Regulations, 
and  in  accordance  with  the  principles  of  the  Guide  for  the 
Care  and  Use  of  Laboratory  Animals.  The  Wake  Forest 
University  Health  Sciences  School  of  Medicine  Animal  Care 
and  Use  Committee  approved  all  animal  procedures.  Adult 
female  nu/ nu  mice  weighing  20  25  g  (Harlan  Laboratories) 
were  individually  housed  in  a  vivarium  accredited  by  the 
American  Association  for  the  Accreditation  of  Laboratory 
Animal  Care,  and  provided  with  food  and  water  ad  libitum. 

Development  of  VML  injury  model 

The  VML  injury  model  was  created  by  surgically  excising 
~50%  of  the  LD  muscle  area  in  anesthetized  nu/nu  mice.  A 
longitudinal  incision  was  made  along  the  midline  of  the 
back.  The  trapezius  muscle  that  covers  the  LD  muscle  was 
lifted  to  expose  the  LD  muscle  without  removing  the  tendon 
inserted  at  the  humerus.  Suture  markers  were  then  placed  on 
the  LD  muscle  demarcating  the  superior  half  of  the  spinal 
fascia  and  the  medial  half  of  the  of  the  muscle  head  at  the 
humerus.  The  medial  half  of  the  muscle  was  then  excised 
using  a  fine  scissor  (Fig.  1L).  Using  this  methodology,  a 
defect  weighing  ~  25  ±5  mg  is  retrieved,  comprising 
~45%±5%  of  whole  LD  muscle  wet  weight.  After  surgical 
excision,  animals  were  placed  into  one  of  three  treatment 
groups:  (1)  no  repair  (NR),  (2)  repair  with  TE-MR  implan¬ 
tation  (R-TE-MR),  or  (3)  repair  with  implantation  of  BAM 
scaffold  alone  (R-S;  i.e.,  no  cells)  at  the  excised  sites  (see  Fig. 
1M).  The  skin  was  then  closed  and  the  animals  were  allowed 
to  recover.  One  or  2  months  postimplantation  animals  were 
sacrificed  and  the  LD  muscle  from  animals  in  one  of  the  three 
treatment  groups,  as  well  as  the  contralateral  control  LD 
muscle  were  retrieved  for  functional  (i.e.,  contraction)  or 
histological  evaluation. 

Physiological  studies 

The  entire  LD  muscle  was  isolated  from  the  thoracolumbar 
fascia  to  the  humeral  tendon  of  mice  under  anesthesia  and 
quickly  transferred  into  Krebs-Ringer  buffer  solution  (compo¬ 
sition:  pH  7.4;  concentration  in  mM:  121.0  NaCl,  5.0  KC1,  0.5 
MgCl2, 1.8  CaCl2, 24.0  NaHC03, 0.4  NaH2P04,  and  5.5  glucose) 
in  a  15  mL  Radnoti  organ  bath  continuously  bubbled  with  95% 


02  and  5%  C02  at  28°C.  Briefly,  5-0  silk  suture  was  used  to 
attach  the  humeral  tendon  to  a  force  transducer  (MLT0201/D; 
AD  Instruments)  mounted  on  a  micromanipulator  while  the 
thoracolumbar  fascia  was  attached  to  a  static  glass  hook  at  the 
bottom  of  the  organ  bath  (Radnoti  model  160151;  Monrovia). 
Electrical  field  stimulation  (EFS)  (20  Volts  at  electrodes,  0.2  ms 
square  pulse,  1200  ms  train)  was  applied  to  the  muscle  using 
parallel  platinum  electrodes.  After  a  10-min  equilibration,  op¬ 
timal  length  was  identified  based  on  the  twitch  response, 
which  was  determined  by  adjusting  the  length  of  the  muscle 
through  rotation  of  the  micrometer  head.  Peak  isometric  con¬ 
tractile  force  was  measured  at  optimal  length  with  a  1200  ms 
train  of  0.2  ms  pulses  over  a  range  of  frequencies  (1  150  Hz). 
Electrical  stimulation  was  provided  to  the  isolated  muscle  tis¬ 
sue  by  a  stimulator  (model  S48;  Grass  Instruments).  Real-time 
display  and  recording  of  all  force  measurements  were  per¬ 
formed  on  a  PC  with  Power  Lab/8sp  (AD  Instruments). 

Pharmacological  studies 

A  subset  of  LD  muscles  underwent  a  secondary  caffeine 
contracture  force  assessment  after  the  force-frequency  mea¬ 
surements.  For  these  studies,  a  maximal  caffeine-induced 
contracture  response  was  elicited  by  exposing  the  muscle  to 
50  mM  caffeine  during  twitch  contractions  at  0.2  Hz.32  This 
concentration  of  caffeine  was  chosen  because  concentrations 
in  this  (mM)  range  have  been  previously  shown  to  maxi¬ 
mally  stimulate  whole  uninjured  and  injured  rodent  skeletal 
muscle.32-34  During  this  testing,  resting  tension  of  the  muscle 
increases  until  active  force  and  resting  tension  are  indistin¬ 
guishable  and  then  the  response  plateaus.  Peak  caffeine  con¬ 
tracture  force  was  defined  as  the  tension  measured  at  this 
steady-state  response.  The  scientific  rationale  for  performing  a 
caffeine  contracture  test  is  that  caffeine  directly  stimulates  the 
sarcoplasmic  reticulum  (SR)  to  release  Ca2+,  thereby  bypassing 
upstream  components  of  the  voltage-induced  SR  Ca2+  release 
process  (i.e.,  excitation  contraction  coupling).35-37  Thus,  re¬ 
generating  fibers  that  have  the  requisite  contractile  machinery 
and  SR  Ca2+  load  but  have  yet  to  completely  develop  mature 
E-C  coupling  structures  may  contribute  to  caffeine-induced 
force  and  not  voltage-induced  force. 

Histology  and  immunochemistry 

After  organ  bath  experiments,  retrieved  tissues  were  fixed 
in  10%  neutral  buffered  formalin  and  stored  in  60%  ethanol. 
Next,  all  specimens  were  placed  in  the  tissue  processor 
(ASP300S;  Leica  Microsystems)  and  then  embedded  in  par¬ 
affin  (EG  1160;  Leica  Microsystems).  Seven-micrometer-thick 
serial  sections  were  cut  from  the  paraffin-embedded  blocks 
and  staining  with  hematoxylin  and  eosin  (H&E)  and  Her- 
ovici  polychrome  was  performed.  Immunohistochemical 
studies  were  performed  on  retrieved  tissues  with  skeletal 
muscle-specific  anti-Desmin  (M0760,  1:75;  Dako),  anti  Von 
Willebrand  factor  (vWF,  A0082,  1:200;  Dako),  and  anti- 
Neurofilament  200  (N4142,  1:300;  Sigma-Aldrich)  according 
to  the  manufacturer's  guidelines.  The  corresponding  sec¬ 
ondary  antibodies  used  were  biotinylated  anti-mouse  IgG 
(MKB-2225,  1:250;  Vector  Laboratories,  Inc.),  biotinylated 
goat  anti-rabbit  (BA-1000,  1:500;  Vector  Laboratories,  Inc.), 
and  biotinylated  goat  anti-rabbit  (BA-1000,  1:300;  Vector 
Laboratories,  Inc.).  The  sections  were  next  treated  with  Avi- 
din  Biotin  Complex  Reagent  (PK-7100;  Vector  Laboratories, 
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Inc.)  and  then  observed  using  a  NovaRED  substrate  kit 
(SK-4800;  Vector  Laboratories,  Inc.).  Finally,  the  sections 
were  counterstained  using  Gill's  hematoxylin  (GHS280; 
Sigma- Aldrich).  Tissue  sections  without  primary  antibody 
were  used  as  negative  controls.  Images  were  captured  and 
digitized  (DM4000B  Leica  Upright  Microscope;  Leica 
Microsystems)  at  varying  magnifications.  Quantification  of 
desmin-positive  cells  for  the  R-TE-MR  and  R-S  groups  2 
months  postimplantation  was  performed  by  counting  the 
number  of  desmin-positive  cells  expressed  as  a  percentage  of 
total  cells  in  each  400  x  high  power  field.  This  quantification 
was  performed  at  two  different  locations,  (1)  at  the  interface 
of  LD  and  implant  and  (2)  within  the  implant,  ~  450  500  pm 
from  the  interface.  Similarly,  the  number  of  vessels  in  each 
high  power  field  were  counted  and  expressed  as  the  number 
of  vessels  per  scaffold  area  in  R-TE-MR  and  R-S  groups  2 
months  postimplantation  at  the  two  locations  described 
above  (see  Fig.  4A). 

Data  analysis  and  statistics 

Force  was  expressed  as  force  generated  (mN)  or  as  force 
normalized  to  physiological  cross-sectional  area  (PCSA)  (i.e., 
specific  force  mN/mm2).  Before  detachment  from  the  organ 
bath,  the  length  of  the  muscle  was  determined  using  a  digital 
micrometer;  the  muscle  was  then  detached,  blotted  dry,  and 
weighed.  These  values  were  used  to  determine  PCSA  ac¬ 
cording  to  the  following  formula:  PCSA  =  mass  /(densi¬ 
ty  x  muscle  length),  where  density  is  1.06  g/cm3.38 

Unless  otherwise  stated,  all  data  were  presented  as  the 
arithmetic  mean  ±  standard  error  of  the  mean.  One-way 
ANOVAs  were  performed  at  each  frequency  for  EFS- 
induced  forces,  as  well  as  for  the  caffeine  contracture  ex¬ 
periments  and  all  LD  muscle  morphological  measures  (e.g., 
weight).  When  ANOVA  analysis  revealed  a  significant  dif¬ 
ference,  a  Fischer  LSD  post  hoc  test  was  performed.  Group 
wise  quantitative  histological  analysis  (Desmin  percentage 
and  vascularization)  between  R-TE-MR  and  R-S  was  per¬ 
formed  by  unpaired  t  test.  In  all  cases,  the  statistical  signif¬ 
icance  level  was  set  at  a  =  0.05.  All  statistical  analyses  were 
performed  using  SPSS  software. 

Results 

Evaluation  of  tissue  organization  in  vitro 

The  phenotype  of  the  MPCs  before  cell  seeding  and  bio¬ 
reactor  preconditioning  was  evaluated  by  immunohisto- 
chemical  staining.  Positive  immunostaining  was  observed 
for  Myo-D,  desmin,  and  myosin.  MPCs  were  seeded  on  the 
BAM  scaffold  and  placed  in  a  custom-made  seeding  cham¬ 
ber.  Cellular  attachment,  phenotype,  and  tissue  organization 
on  BAM  were  further  analyzed  with  immunofluorescence 
and  SEM  (Fig.  1).  SEM  imaging  demonstrated  cellular  cov¬ 
erage  of  ~95%  of  the  scaffold  surface  area  after  7  days  of 
static  seeding.  Representative  SEM  images  of  an  unseeded 
BAM  scaffold  as  well  as  presumptive  myotube  formation 
after  7  days  are  shown  in  Figure  1G  and  J,  respectively.  After 
static  seeding,  constructs  were  preconditioned  in  a  bioreactor 
for  1  week  and  immunostaining  was  performed  with  phal- 
loidin  (Fig.  1H)  to  observe  the  cytoskeleton  and  desmin  (Fig. 
II).  Aligned  multinucleated  (stained  with  DAPI)  myotubes 
were  observed  on  these  TE-MR  constructs  after  bioreactor 


preconditioning.  The  macroscopic  characteristics  of  the  im¬ 
planted  TE-MR  are  also  depicted  in  Figure  IK  M. 

Creation  of  VML  injury  and  morphological 
assessment  of  retrieved  tissue 

A  VML  injury  was  created  by  surgically  excising  ~  50%  of 
the  native  LD  (Fig.  1L).  After  surgical  excision,  animals  were 
placed  into  one  of  three  treatment  groups:  (1)  no  repair  (NR), 
(2)  TE-MR  implantation  (R-TE-MR,  Fig.  IK,  M),  or  (3)  im¬ 
plantation  of  BAM  scaffold  alone  (R-S;  i.e.,  no  cells)  at  the 
excised  sites.  In  all  cases  the  NR,  R-TE-MR,  or  R-S  muscles 
were  retrieved  along  with  the  corresponding  contralateral 
native  LD  muscle  at  either  1  or  2  months  after  implantation. 
Figure  2  shows  representative  images  of  retrieved  tissues  in 
the  NR  (Fig.  2 A)  and  R-TE-MR  (Fig.  2B)  treatment  groups  2 
months  postimplantation.  As  illustrated,  the  TE-MR  construct 
was  well  integrated  into  native  LD  muscle  with  evidence  of  a 
vascular  network  on  the  repaired  side  of  the  LD  muscle. 

Physiological  studies  of  contractile  force  generation 

To  evaluate  the  recovery  of  force  generation  in  retrieved 
muscle,  EFS-induced  tetanic  contractile  responses  were  ob¬ 
tained  for  the  native  LD,  NR,  R-TE-MR,  and  R-S  groups  to 
varying  EFS  frequencies  (10  150  Hz).  Individual  tracings 
from  R-TE-MR  and  native  LD  for  EFS  responses  at  10,  30,  60, 
and  120  Hz  are  shown  in  Figure  3 A  and  B,  respectively. 
Consistent  with  the  gross  morphological  observations,  the 
force  responses  revealed  evidence  for  significant  functional 
recovery  2  months  postimplantation.  Force  frequency  rela¬ 
tionships  observed  in  all  animals  studied  are  summarized  at 
the  1 -month  (Fig.  3C)  and  2  month  (Fig.  3D  F)  time  points 
postimplantation. 

As  shown,  absolute  maximal  isometric  tetanic  force  gen¬ 
erated  by  muscle  retrieved  1  month  postimplantation  from 
the  NR  group  was  significantly  smaller  than  that  of  native 
LD  muscle  (100.7  ±16.2  vs.  309.3  ±  12.7  mN,  respectively; 
p<0.05).  Force  generated  by  LD  muscles  of  the  R-TE-MR,  1 
month  postimplantation  was  149.8  ±  23.2  mN,  or  48%  of  na¬ 
tive  LD  muscle,  but  not  statistically  different  from  muscles  of 
the  NR  group  (p  =  0.10).  However,  2  months  postimplanta¬ 
tion,  force  generation  was  significantly  greater  in  muscles  of 
the  R-TE-MR  (222.5  ±  21.7  mN)  than  the  NR  group  (139.0  ± 
25.3  mN),  with  the  former  generating  ~  72%  of  maximal  force 
produced  by  native  LD  muscle  (p  <  0.05).  Additionally,  muscles 
of  the  R-TE-MR  group  retrieved  2  months  postimplantation 
generated  significantly  greater  (p<0.05)  force  than  muscle  tis¬ 
sue  retrieved  from  the  R-S  group  (143.5  ±  15.7  mN)  at  the  same 
time  point,  indicating  that  implantation  of  the  scaffold  alone 
(i.e.,  in  the  absence  of  cells)  does  not  result  in  significant 
functional  recovery  in  this  model,  at  this  time  point.  Con¬ 
sistent  with  this  observation,  the  magnitude  of  force  gener¬ 
ation  by  muscles  of  the  R-S  and  NR  groups  was  statistically 
indistinguishable  ( p  >  0.05). 

Similar  results  were  observed  when  isometric  tetanic  force 
was  normalized  to  PCSA  (i.e.,  specific  force;  Fig.  3E).  More 
specifically,  maximal  isometric  specific  force  for  native  LD 
muscle  was  150.8  ±4.8  mN/mm2,  which  was  similar  to  that 
reported  previously  by  our  group.31  Maximal  specific  isometric 
force  for  the  NR  group  one  and  2  months  postimplantation, 
respectively,  was  47.3  ±6.2  (31%  of  native)  and  69.5  ±10.4 
(46%  of  native)  mN/mm2.  The  specific  force  of  the  retrieved 


FIG.  1.  Development  and  in  vitro  assessment  of  tissue-engineered  muscle  repair  (TE-MR)  constructs.  Immunofluoresence 
imaging  of  muscle  progenitor  cells  (MPCs)  (A-C)  indicates  the  presence  of  muscle-specific  markers  such  as  myo-D  (A), 
desmin  (B)  and  myosin  (C).  Preparation  of  bladder  acellular  matrix  (BAM)  scaffold  is  shown  in  (D-F).  Representative  cross- 
sectional  hematoxylin  and  eosin  images  of  native  porcine  bladder  (D)  before  and  after  and  decellularization  (E)  indicate  the 
absence  of  cellular  materials  in  the  scaffold  and  preservation  of  the  extracellular  matrix  (scale  bar  =  100  pm).  After  the 
decellularization  process,  the  BAM  scaffolds  were  placed  on  a  custom-made  seeding  chamber  (F)  and  seeded  with  MPCs. 
Scanning  electron  microscopy  imaging  was  performed  to  evaluate  the  cellular  coverage  on  the  BAM  before  (G)  and  7  days 
after  static  seeding  (J)  with  MPCs.  Myotube  formation  and  cellular  coverage  were  observed  on  ~9 5%  of  the  BAM  scaffold 
surface  area.  Immunostaining  with  phalloidin  (H)  and  desmin  (I)  demonstrates  the  aligned  multinucleated  (DAPI)  myofibers 
in  a  bioreactor  preconditioned  TE-MR  construct  (scale  bar  50  pm).  TE-MR  constructs  after  bioreactor  preconditioning  (K) 
were  implanted  in  a  volumetric  muscle  loss  (VML)  injury  model  in  mice.  VML  injury  was  developed  by  excising  ~  50%  of  the 
native  lattissimus  dorsi  (LD)  resulting  in  a  volumetric  muscle  defect  (L,  excised  area  indicated  by  black  dotted  lines).  The 
defect  was  repaired  by  suturing  either  TE-MR  constructs  or  scaffolds  without  cells  at  the  site  of  excised  sites  (M;  arrow  points 
to  implant).  Color  images  available  online  at  www.liebertonline.com/tea 
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FIG.  2.  Morphological  as¬ 
sessment  of  retrieved  tissues 
from  the  no  repair  (NR;  A) 
and  repair  (R-TE-MR;  B) 
treatment  groups,  compared 
to  the  contralateral  LD  2 
months  after  implantation. 
Arrows  indicate  the  original 
site  of  the  surgical  defect. 
Morphological  examination 
of  tissue  demonstrates  robust 
tissue  formation  and 
remodeling  of  the  TE-MR 
construct,  but  little  or  no 
tissue  formation  in  the  NR 
group.  Color  images  avail¬ 
able  online  at  www. 
liebertonline.com/ tea 


R-TE-MR  demonstrated  a  time-dependent  increase  from 
33.6  ±  8.6  mN/mm2  (22%  of  native)  at  the  1-month  time  point 
to  a  mean  value  of  99.2  ±  17.7  mN/mm2  at  2  months,  with  the 
latter  being  66%  of  the  native  LD  muscle  isometric  specific 
force.  Isometric  specific  force  of  the  R-S  group  was 
45.20  ±3.83  mN/mm2,  only  ~30%  of  native  LD  muscle  iso¬ 
metric  force  2  months  postimplantation.  Moreover,  the  specific 
force  of  the  R-TE-MR  group  was  significantly  greater  than  that 
observed  for  all  other  treatment  groups,  but  was  still  signifi¬ 
cantly  lower  than  native  LD  muscle  (P<0.05  in  all  cases).  A 
summary  of  the  mean  in  vitro  specific  force  data  for  all  treat¬ 
ment  groups,  along  with  their  respective  length  and  wet 
weight  measurements  is  provided  in  Table  1.  In  this  regard, 
muscle  lengths  among  all  groups  were  similar,  however,  the 
R-TE-MR  retrieved  1  month  postimplantation  weighed  (wet 
weight)  significantly  more  than  all  other  groups,  consistent 
with  a  corresponding  time-dependent  scaffold  degradation. 

Pharmacological  studies 

Maximal  caffeine  contracture  force  was  also  measured  for 
a  subset  of  muscles  retrieved  2  months  postimplantation 
(Fig.  3F).  Specific  contracture  force  (mN/mm2)  produced  by 
the  NR  (n  =  4)  and  R-S  (n  =  4)  groups  was  significantly  re¬ 
duced  to  only  ~34  and  30%,  respectively,  of  control  LD 
values  (n  =  6).  Implantation  of  TE-MR  constructs  (R-TE-MR; 
n  =  3)  resulted  in  a  significant  recovery  of  caffeine  contracture 
to  ~71%  compared  to  control  values  (Fig.  3F).  The  ratio  of 
caffeine  contracture  to  peak  isometric  voltage-induced  force, 
an  index  of  excitation-contraction  coupling,36  was  signifi¬ 
cantly  greater  ( p  <  0.05)  for  injured  LD  muscles  repaired  with 
TE-MR  constructs  (0.38  ±0.05)  than  uninjured  (0.23  ±0.04) 
and  injured  LD  muscles  with  no  repair  (0.28  ±  0.05)  or  scaf¬ 
fold-only  repair  (0.31  ±0.03). 

Histological  and  immunochemical  characterization 
of  retrieved  tissue 

Histological  and  immunohistochemical  methods  were 
used  to  evaluate  the  cellularity,  extent  of  scaffold  remodel¬ 
ing,  and  presence  of  vasculature  and  neuronal  innervation  in 


retrieved  tissue  2  months  postimplantation.  As  shown  in 
Figure  4,  this  investigation  focused  on  analysis  of  longitu¬ 
dinal  sections  of  retrieved  tissues,  parallel  to  the  native  LD 
and  implant  (either  R-TE-MR  construct)  or  scaffold  alone  (R- 
S  group)).  In  this  regard,  desmin-positive  striated  myofibers 
(Fig.  4B)  and  multinucleated  myotubes  were  present  at  the 
interface  of  native  LD  and  R-TE-MR  (Fig.  4C;  shown  by  black 
arrowheads)  as  well  as  inside  the  TE-MR  scaffold  (Fig.  4D; 
black  arrowheads).  Similarly,  individual  presumptive  myo¬ 
blasts  were  also  observed  within  the  construct  (white  arrows. 
Fig.  4D). 

Figure  5  demonstrates  the  significant  remodeling  of  the 
TE-MR  construct,  with  a  focus  on  highlighting  the  forma¬ 
tion  of  vasculature  (Fig.  5A,  D)  and  innervation  (Fig.  5C). 
Again,  immunohistological  staining  with  desmin  (Fig.  5A: 
100  x&  B:  400  x)  indicates  the  presence  of  myofibers  (black 
arrowheads)  and  blood  vessels  (white  arrowheads)  within 
the  TE-MR  construct.  NF  200  staining  (Fig.  5C)  indicates  the 
presence  of  nerve  fibers  at  the  interface  of  the  native  LD  and 
the  TE-MR.  Further  evidence  of  remodeling  was  observed 
with  Herovici  polychrome  staining  clearly  demonstrating 
the  formation  of  new  collagen  (blue)  within  the  TE-MR 
(mature  collagen  from  scaffold  is  shown  in  red),  again  at  the 
interface  with  the  native  LD  (Fig.  6A).  We  also  observed 
neurovascular  bundles  stained  with  NF200  and  vWF  (Fig. 
6B,  C). 

Quantitative  immunohistochemical  analysis  of  the  afore¬ 
mentioned  sections  from  retrieved  tissue  shows  that  the  R- 
TE-MR  group  had  a  significantly  greater  percentage  of  des¬ 
min-positive  cells  when  compared  to  the  R-S  treatment 
group  both  in  the  LD-TE  construct  interface  (46.2%  ±  2.9% 
vs.  33.9%  ±1.5%)  as  well  as  within  the  implant  (46.4%  ±3.4% 
vs.  29.8%  ±1.6%)  (Fig.  7A).  Additionally,  new  blood  vessels 
were  observed  as  demonstrated  by  vWF  staining  of  endo¬ 
thelial  cells  near  the  implant  interface  as  well  as  inside  the 
TE-MR  construct.  In  short,  the  number  of  vessels  observed 
was  significantly  greater  in  R-TE-MR  than  that  of  R-S  both 
near  the  interface  (11.6  ±3.3  vessels/mm2  vs.  2.3  ±0.9  ves¬ 
sels/mm2)  and  within  the  TE-MR  construct  (8.8  ±2.6  ves¬ 
sels/mm2  vs.  0.7  ±0.4  vessels/mm2)  (Fig.  7B). 
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FIG.  3.  Functional  recovery  of  injured  LD  after  implantation  of  TE-MR  construct.  Representative  tracings  showing  the 
isometric  contractions  elicited  in  response  to  electrical  field  stimulation  (EFS)  frequencies  of  10,  30,  60,  and  120  Hz  by  R-TE-MR 
(A)  assessed  in  vitro  2  months  after  implantation  and  by  uninjured  contralateral  LD  muscle  (B).  The  mean  values  for  the  EFS- 
induced  contractions  observed  on  all  retrieved  tissues  in  each  study  group  are  depicted  for  both  the  1  month  (C,  n:  native 
LD  =  20,  NR  =  7,  R-TE-MR =6)  and  2  month  (D,  n:  native  LD  =  20,  NR  =  5,  R-TE-MR  =  5  and  R-S  =  5)  time  points,  as  expressed  in 
both  isometric  absolute  force  (mN;  C&D),  and  specific  force  as  a  function  of  stimulation  frequency  (E,  n :  native  LD  =  20,  NR  =  5, 
R-TE-MR =  4  and  R-S  =  5).  Additionally,  after  force-frequency  testing  contralateral  native  LD  muscles  (n  =  6),  NR  (n  =  4),  R-TE- 
MR  ( n  =  3),  or  R-S  (n  =  4)  at  the  2  month  time  point  were  subjected  to  twitch  contractions  at  0.2  Hz  in  the  presence  of  a  maximally 
stimulating  concentration  of  caffeine  (50 mM)  and  (F).  *Group  means  are  significantly  different  from  that  of  control  (p<0.05). 
Values  are  means ± standard  error  of  the  mean.  'Group  mean  is  significantly  different  from  that  of  all  other  groups  (p<0.05). 
Color  images  available  online  at  www.liebertonline.com/ tea 


Discussion 

Herein,  we  report  the  results  of  our  most  recent  studies  for 
the  continued  preclinical  development  of  a  TE-MR  technol¬ 
ogy  designed  to  restore  function  to  skeletal  muscle  after  a 


VML  injury.  As  a  first  step  in  this  direction,  we  created  a 
VML  injury  model  in  mice  by  surgically  excising  ~50%  of 
the  LD  muscle,  which  corresponded  to  a  more  than  50% 
decline  in  absolute  maximal  tetanic  force  1  month  after  in¬ 
jury.  Further,  this  injury  exhibited  little  or  no  functional 
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Table  1.  Lattissimus  Dorsi  Summary  of  Lattissimus  Dorsi  Muscle  Measurements  and  Force  Generation  In  Vitro 


Group 

Native 

NR 

R-TE-MR 

NR 

R-TE-MR 

R-S 

Time  point 

1  month 

2  months 

Sample  size 

20 

7 

6 

5 

4 

5 

Muscle  length  (mm) 

36.4  ±0.9 

31.0±1.7 

33.7  ±1.7 

36.2  ±2.2 

35.4  ±1.4 

35.4  ±1.8 

Wet  weight  (mg) 

80.6  ±4.9 

65.7±11.5 

184.7  ±27.9a 

74.1  ±2.9 

88.8  ±2.9 

120.8  ±14.2b 

PCSA  (mm2) 

2.33  ±0.11 

2.27  ±0.39 

5.86±0.88a 

2.21  ±0.20 

2.67  ±0.13 

3.62±0.40b 

Specific  force  (mN  / mm2) 

150.8  ±4.8a 

47.3  ±6.2 

33.6  ±8.6 

69.5  ±10.4 

99.2±17.7a 

45.2  ±3.8 

Values  are  expressed  as  the  arithmetic  mean  ±  standard  error  of  the  mean.  p<  0.05  was  considered  significant  in  all  cases. 
Significant  difference  from  corresponding  values  for  all  other  groups. 

Significant  difference  from  corresponding  values  for  all  groups  except  R  TE  MR  at  2  month. 

PCSA,  physiological  cross  sectional  area;  TE  MR,  tissue  engineered  muscle  repair;  NR,  no  repair. 


recovery  1  to  2  months  postinjury  in  the  absence  of  im¬ 
plantation  of  TE-MR  (Fig.  3C,  D).  While  other  in  vivo  skeletal 
muscle  injury  models  (e.g.,  mechanical  or  thermal  injury) 
have  induced  force  deficits  of  similar  magnitude  within  the 
first  few  days  after  injury,  in  contrast  to  the  VML  injury 
model  described  here,  these  functional  deficits  were  com¬ 
pletely  restored  within  ~  1  month  postinjury.39-41  Thus,  the 


nearly  complete  absence  of  endogenously  mediated  func¬ 
tional  recovery  over  this  time  frame  makes  this  an  attractive 
model  for  identifying  potentially  applicable  therapies  for 
devastating  trauma  suffered  by  soldiers  and  civilians. 

In  this  regard,  implantation  of  a  TE-MR  construct  (i.e., 
after  bioreactor  preconditioning  of  an  MPC-seeded  BAM 
scaffold)  into  a  surgically  created  VML  injury  was  associated 


FIG.  4.  Remodeling  of  TE-MR  constructs  and  muscle  tissue  formation  after  implantation  in  vivo.  (A)  Schematic  diagram  of 
histological  sample  preparation  from  the  explanted  tissue  indicating  the  location  of  native  LD  muscle  and  TE-MR  construct, 
as  well  as  the  sample  analysis  paradigm.  Immunohistological  staining  with  desmin  shows  the  presence  of  striated  desmin- 
positive  muscle  fibers  formed  at  the  LD-TE-MR  interface  (B).  Desmin-positive  multinucleated  myotubes  (black  arrowheads) 
were  also  observed  at  the  LD-TE-MR  interface  as  well  as  within  the  TE-MR  construct  (~450  500  pm  from  interface)  (C). 
Desmin-positive  myoblasts  (white  arrows)  were  also  observed  within  the  construct  (D).  All  scale  bars  =  100  pm.  Color  images 
available  online  at  www.liebertonline.com/tea 
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FIG.  5.  Histological  analysis  of  R-TE-MR  retrieved  2  months  after  implantation.  Immunohistological  staining  with  desmin 
(A:  100  x  and  B:  400  x)  provides  further  evidence  for  the  presence  of  myofibers  (black  arrowheads)  and  blood  vessels  (white 
arrowheads)  inside  the  TE-MR  construct.  NF-200  staining  (C)  indicates  the  presence  of  nerves  at  the  interface  of  the  native  LD 
muscle  and  TE-MR  construct.  Staining  with  Von  Willebrand  factor  (vWF)  (D)  demonstrates  the  presence  of  blood  vessels 
(white  arrowheads)  at  the  interface  of  the  native  LD  muscle  and  TE-MR  construct.  Black  rectangle  in  A  represents  the 
approximate  location  of  B  and  white  rectangle  represents  approximate  location  of  C.  All  scale  bars  =  100  pm.  Color  images 
available  online  at  www.liebertonline.com/ tea 


vWFJH  eiti  atoxylin  4O0x  ' 


NF-200/Hematoxylin  400x 


FIG.  6.  Formation  of  neurovascular  bundles  at  the  interface  of  native  LD  of  R-TE-MR  retrieved  2  months  after  implantation. 
Neurovascular  bundle  stained  with  herovici  polychrome  (A),  vWF  (B)  and  NF-200  (C)  in  serial  sections.  Box  in  A  represents  the 
area  of  interest  for  B  and  C.  All  scale  bars  =  100  pm.  Color  images  available  online  at  www.liebertonline.com/tea 
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FIG.  7.  Quantification  of  desmin-positive  cells  and  vessel 
formation  in  after  repair  with  TE-MR  (R-TE-MR)  or  scaffold 
alone  (R-S,  i.e.,  scaffold  with  no  cells).  As  illustrated,  desmin- 
positive  staining  was  significantly  (p< 0.05)  greater  in  the 
R-TE-MR  group  than  in  the  R-S  group  both  at  the  interface 
and  inside  the  implanted  construct.  Formation  of  blood 
vessels  in  the  TE-MR  was  also  significantly  ( p  <  0.05)  greater 
in  R-TE-MR  than  that  of  R-S,  again,  at  both  the  interface  and 
inside  the  implant;  data  analyses  based  on  19  high  power 
field  from  three  different  retrieved  R-TE-MR  tissues  and  32 
high-power  field  from  four  different  R-S  tissues. 


with  a  time-dependent  improvement  in  the  force-producing 
capacity  of  the  repaired  muscle.  This  fact  is  highlighted  by 
comparison  of  the  functional  recovery  observed  at  1  and  2 
months  postimplantation  of  the  TE-MR  constructs  in  Figure 
3C  and  D,  respectively.  Evidence  for  this  TE-MR-mediated 
functional  improvement  at  the  2  month  time  point  includes 
(1)  a  recovery  of  maximal  absolute  isometric  force  to  ~72% 
of  that  produced  by  native  LD  muscle  (Fig.  3D),  (2)  a  similar 
recovery  of  maximal  isometric  specific  force  to  ~  66%  of  that 
produced  by  native  LD  muscle  (Fig.  3E),  (3)  a  ~  67%  to  88% 
improvement  in  absolute  force  across  submaximal  frequen¬ 
cies  compared  to  no  repair  (Fig.  3D),  (4)  a  complete  recovery 
of  absolute  isometric  twitch  force  (1  Hz)  compared  to  native 
LD  muscle,  and  (5)  a  restoration  of  specific  caffeine  con¬ 
tracture  force  to  ~71%  of  uninjured  LD  values  for  TE-MR- 
repair  LD  muscle  (Fig.  3F).  All  of  these  functional  measures 
occurred  2  months  postimplantation  of  TE-MR,  and  perhaps 
most  importantly,  were  significantly  greater  than  the  recov¬ 
ery  observed  in  unrepaired  muscles  (i.e.,  NR  control  group) 
or  muscles  repaired  with  scaffold  only  (i.e.,  no  cells).  Taken 
together,  these  findings  highlight  that  after  creation  of  a 
VML  injury,  LD  muscle  repaired  with  TE-MR  exhibits  im¬ 


provements  in  functional  quality  (i.e.,  specific  force)  as  well 
as  absolute  functional  capacity.  Moreover,  these  functional 
improvements  occur  not  only  at  maximal  levels  of  stimula¬ 
tion,  but  also,  and  potentially  more  physiologically  and 
clinically  relevant,42,43  at  submaximal  stimulation  levels. 

Histological  analyses  conducted  in  this  study  indicate  that 
TE-MR  implantation  results  in  skeletal  muscle  tissue  forma¬ 
tion  that  approximates  structures  typically  observed  in  na¬ 
tive  muscle.  In  support  of  an  active  cellular  regenerative 
response,  desmin-positive  multinucleated  cells,  with  and 
without  striations,  were  detected  within  the  implanted  TE- 
MR,  indicative  of  the  presence  of  myoblasts,  myotubes,  and 
myofibers  well  within  the  engineered  construct  (Figs.  4  and 
5).  Herovici  staining  also  revealed  the  formation  of  new 
collagen  fibers  along  with  mature  collagen  from  the  scaffold 
although  2  months  postimplantation  the  amount  of  scaffold 
apparently  decreased  in  size  based  on  morphological  eval¬ 
uation  upon  retrieval.  Moreover,  NF-200  and  vWF  staining 
documented  the  presence  of  nerve  fibers  and  blood  vessels, 
respectively  (Fig.  5),  as  well  as  the  presence  of  neurovas¬ 
cular  bundles  within  the  TE-MR  construct  (Fig.  6).  This 
latter  observation  is  a  key  finding,  as  the  presence  of  neu¬ 
rovascular  bundles  is  a  prerequisite  for  sustained  functional 
re-innervation  of  the  engineered  /regenerating  muscle  tis¬ 
sue.  To  this  point,  it  is  important  to  note  that  skeletal  muscle 
denervated  for  ~  2  months  can  exhibit  a  ~  70%  reduction  in 
fiber  cross-sectional  area,  with  a  similar  reduction  in  func¬ 
tional  capacity.44  Thus,  although  we  have  not  demonstrated 
the  development  of  functional  neuromuscular  junctions 
within  the  TE-MR  in  this  study,  there  is  sound  scientific 
rationale  supporting  the  supposition  that  the  functional 
recovery  observed  with  TE-MR  implantation  is  likely 
achieved  in  the  presence  of  functional  innervation. 

As  mentioned  above,  there  are  distinct  approaches  being 
developed  for  functional  restoration  of  skeletal  muscle  after 
VML  injury.  Of  particular  interest  is  the  impact  of  including 
a  cellular  component  with  implanted  biocompatible  scaf¬ 
folds.  Badylak  and  colleagues  have  recently  reported  that, 
after  6  months,  the  implantation  of  a  SIS  extracelluar  matrix 
biocompatible  scaffold  to  the  site  of  a  musculotendinous 
injury  in  dogs  resulted  in  scaffold-localized  tissue  formation 
that  exhibited  the  ability  to  contract  when  directly  stimulat¬ 
ed.25  Similar  results  were  obtained  with  SIS  implantation  in  a 
rodent  abdominal  wall  VML  injury  after  direct  muscle 
stimulation  in  situ.26  In  contrast,  in  a  well-designed  study 
aimed  specifically  to  conduct  muscle  function  tests,  Merritt 
et  al.  reported  no  functional  recovery  42  days  after  implan¬ 
tation  of  a  decellularized  muscle  matrix  in  rat  gastrocnemius 
muscle  with  a  VML  injury,29  but  did  observe  significant 
functional  recovery  at  a  similar  time  postinjury  when  mes¬ 
enchymal  stem  cells  were  injected  into  the  scaffold  site  1 
week  after  implantation.30 

To  further  evaluate  the  impact  of  a  cellular  component  on 
functional  recovery  in  our  mouse  VML  injury  model,  noncell 
seeded  BAM  scaffolds  were  implanted  at  the  site  of  VML 
injury  in  identical  fashion  to  the  TE-MR  constructs.  Two 
months  postimplantation  statistical  analysis  of  physiological 
data  revealed  no  functional  recovery  in  the  absence  of  in¬ 
clusion  of  the  cellular  component.  However,  despite  the  lack 
of  functional  recovery,  significant  remodeling  and  re-cellu- 
larization  were  detected  after  implantation  of  the  scaffold 
alone  (i.e.,  no  cells).  Importantly,  quantitative  analysis  also 
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revealed  a  significant  increase  in  the  percentage  of  desmin- 
positive  cells  as  well  as  an  increase  in  the  number  of  vessels 
within  the  TE-MR  construct  when  compared  to  implantation 
of  the  scaffold /matrix  alone  (Fig.  7).  In  addition,  with  the 
inclusion  of  cells  we  observed  a  qualitative  improvement  in 
phenotypic  maturity;  as  judged  by  both  an  increase  in  the 
appearance  of  myotubes  and  myofibers  with  striations,  as 
well  as  an  increase  in  the  percentage  of  desmin-positive  cells 
detected  in  the  TE-MR  construct  when  compared  to  the 
scaffold  alone.  Not  surprisingly,  varying  capacities  among 
biocompatible  scaffolds  to  support  skeletal  muscle  tissue 
formation  and  functional  restoration  have  been  previously 
described.26  Moreover,  the  functional  restoration  observed 
with  scaffold-alone  implants  apparently  requires  a  longer 
time  frame  to  manifest  (e.g.,  >6  months).26,41,45  As  such,  the 
functional  and  histological  observations  reported  here,  as 
well  as  in  the  related  literature,27-30,46  illustrate  the  impor¬ 
tance  of  incorporating  a  cellular  component  with  implanted 
scaffolds  for  more  rapid  functional  recovery  of  VML  injured 
skeletal  muscle  in  this  model  (e.g.,  2  months). 

Future  improvements  in  this  technology  hinge  not  only  on 
a  more  precise  understanding  of  the  mechanistic  basis  for  the 
recovery  we  observed  upon  implantation  of  the  TE-MR,  but 
also  on  the  mechanism(s)  responsible  for  the  remaining 
functional  deficits.  In  this  regard,  an  obvious  reason  for 
continued  force  deficits  after  reparation  of  VML  injury  is  a 
reduction  in  contractile  machinery.  This  rationale  is  consis¬ 
tent  with  the  extant  literature.25-30,46  More  specifically,  while 
varying  degrees  of  putative  functional  tissue  formation  have 
been  reported  within  implanted  scaffold  matrices,  it  does  not 
appear,  in  any  instance,  that  the  tissue  formation  observed  is 
of  sufficient  volume  to  completely  restore  function  to  muscle 
after  a  VML  injury. 

Further,  it  is  also  conceivable  that  neotissue  formation  in 
the  scaffold  may  not  exhibit  the  same  functional  quality,  nor 
contribute  to  whole  muscle  force  production  in  the  same 
manner  as  native  tissue.  For  example,  retrieved  LD  muscles 
in  this  study  were  exposed  to  caffeine  during  organ  bath 
testing  as  a  secondary  functional  assessment.  Because  mM 
concentrations  of  caffeine  stimulate  Ca2+  release  from  the  SR 
Ca2+  release  channel  (RyRl),  and  thereby  by-pass  upstream 
components  of  excitation-contraction  coupling,  force  pro¬ 
duction  during  caffeine  contracture  testing  can  be  inferred  as 
an  index  of  contractile  protein  content  and,  when  compared 
to  voltage-induced  force  production,  as  an  index  of  excitation 
contraction  coupling  failure.32-36,39,47-50  The  caffeine  con¬ 
tracture  forces  observed  in  this  study  (Fig.  3F)  are  consistent 
with  the  supposition  that  repair  of  VML  injury  with  the 
TE-MR  construct,  is  due,  at  least  in  part,  to  the  presence  of 
more  contractile  machinery;  when  compared  to  no  repair  or 
scaffold-only  repair.  However,  when  considering  that  the 
caffeine  contracture  force  relative  to  voltage-induced  force 
was  elevated  for  the  TE-MR  construct  repair  group,  it  ap¬ 
pears  that  a  component  of  the  muscle  may  be  experiencing 
disruption  in  the  EC  coupling  process,21,22,41  which  would 
contribute  to  voltage-induced  force  deficits. 

Although  we  did  not  directly  test  the  mechanistic  basis  for 
TE-MR-mediated  functional  recovery  in  VML-injured  mus¬ 
cle,  indirect  evidence  suggests  that  a  significant  portion  of 
the  functional  recovery  is  imparted  by  force  delivered  via  the 
TE-MR  per  se.  Since  the  functional  capacity  of  skeletal  muscle 
is  directly  related  to  muscle  fiber  cross-sectional  area,44,51-53 


another  potential  mechanism  for  the  functional  recovery 
observed  with  TE-MR  2  months  postimplantation  is  hyper¬ 
trophy  of  the  remaining  native  tissue.  While  admittedly  our 
study  was  not  designed  to  directly  address  LD  muscle  fiber 
area  or  diameter,  it  is  obvious  from  the  histological  images  of 
longitudinal  sections  that  we  evaluated  (following  the 
physiological  studies),  that  there  is  no  clear  evidence  of  the 
major  fiber  hypertrophy  (over  a  50%  increase  of  fiber  di¬ 
ameter)  in  the  remaining  native  portion  of  the  TE-MR  re¬ 
paired  LD  muscle  that  would  be  required  to  explain  the 
~  60%  improvement  in  force.  It  is  also  important  to  note  that 
compensatory  hypertrophy  of  the  native  tissue  due  to  sur¬ 
gical  ablation-induced  overload  does  not  explain  the  func¬ 
tional  recovery  of  TE-MR  repaired  LD  muscles,  as  the  NR 
and  scaffold-only  repaired  tissues  would  also  have  benefited 
from  this  hypertrophic  stimulus  as  well.  Nevertheless,  it  is 
possible  that  in  addition  to  the  direct  functional  recovery 
elicited  by  the  implantation  of  our  TE-MR  construct,  there 
may  also  have  been  a  positive,  though  indirect,  impact  of  our 
technology  on  the  repair /regeneration  of  the  remaining 
portion  of  the  LD  muscle.  Without  question,  further  inves¬ 
tigations  are  required  to  more  accurately  determine  the  rel¬ 
ative  proportion  of  functional  recovery  due  to  the  direct  (i.e., 
new  fiber  formation)  versus  indirect  (i.e.,  cell  migration  or 
trophic  factors)  effect(s)  of  our  technology.  Moreover,  further 
study  is  required  to  better  understand  the  impact  of  the  host 
environment  (i.e.,  endogenous  stem  cells)  on  the  formation  of 
scaffold-localized  contractile  tissue. 

As  far  as  we  are  aware,  there  is  only  a  single  case  report 
describing  the  use  of  a  tissue  engineering  approach  for  the 
treatment  of  a  significant  muscle  defect.45  In  that  study,  a 
proprietary  acellular  biologic  extracellular  matrix  scaffold 
was  used  for  the  treatment  of  a  combat-related  VML  injury 
to  the  quadriceps  medialis  muscle  of  a  Marine.  Despite  the 
encouraging  results  of  this  first  report,  there  is  still  clearly 
much  room  for  therapeutic  improvement.  In  that  regard,  the 
technology  described  herein  represents  but  a  first  step  in  that 
direction  with  a  scaffold  and  cell-based  alternative  strategy. 
Although  our  current  technology  has  intrinsic  limitations 
with  respect  to  requisite  vascularization  and  innervation  of 
the  larger  defects  that  are  characteristic  of  VML  injuries  in 
humans  (the  ultimate  target  of  this  technology),  a  multi-step 
layering  approach  of  our  scalable  sheet-based  technology 
may  prove  effective,  and  moreover,  there  may  indeed  be 
other,  more  immediate  clinical  indications  (e.g.,  facial  nerve 
paralysis;  Bell's  Palsy)  that  are  also  adequately  addressed  by 
this  approach.  Without  question  though,  utilization  of  our 
existing  technology  for  the  treatment  of  the  most  catastrophic 
soft  tissue  injuries  suffered  by  civilians  and  warfighters  may 
well  require  the  parallel  development  of  additional  enabling 
technologies. 

So  what  can  we  conclude  with  respect  to  the  putative 
mechanistic  basis  for  our  current  observations?  First,  it  is 
important  to  re-emphasize  that  little  or  no  functional  recovery 
was  observed  in  the  absence  of  treatment  with  TE-MR  in  the 
time  frame  examined  (i.e.,  compared  to  the  NR  and  R-S 
groups).  In  this  scenario,  a  valid  metric  (but  still,  by  defini¬ 
tion,  an  underestimate  of  functional  recovery)  for  assessing 
the  overall  degree  of  recovery  of  the  maximal  tetanic  response 
would  be  to  compare  the  1  month  NR  group  to  the  2  month 
R-TE-MR  group.  In  fact,  whether  one  considers  the  extent  of 
functional  recovery  with  respect  to  the  total  contractile  force. 


2302 


MACHINGAL  ET  AL. 


or  normalizes  the  contraction  in  terms  of  specific  force,  the 
conclusion  is  the  same,  namely,  implantation  of  the  TE-MR 
results  in  a  more  than  2-fold  increase  in  maximal  contractility. 
Thus,  regardless  of  the  exact  mechanistic  basis  for  the  ob¬ 
served  effects,  the  current  data  unequivocally  document  a 
consistent  and  physiologically  significant  functional  recovery 
after  VML  injury  with  our  TE-MR  technology. 
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